Cool Down Analysis of a Cryocooler Based Quadrupole Magnet Cryostat  by Choudhury, A. et al.
  Physics Procedia  67 ( 2015 )  320 – 325 
Available online at www.sciencedirect.com
1875-3892 © 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of ICEC 25-ICMC 2014
doi: 10.1016/j.phpro.2015.06.094 
ScienceDirect
Cool down analysis of a cryocooler based quadrupole magnet 
cryostat
A. Choudhury, S. Kar, J. Chacko, M. Kumar, S. Babu, S. Sahu, 
R. Kumar, J. Antony, T. S. Datta*
Inter University Accelerator Centre (IUAC), Aruna Asaf Ali Road, PO Box – 10502, New Delhi 110067, India
Abstract
A superconducting quadrupole doublet magnet with cold superferric iron cover for the Hybrid Recoil Mass Analyzer (HYRA) 
beam line has been commissioned. The total cold mass of the helium vessel with iron yoke and pole is 2 ton. A set of two 
Sumitomo cryocoolers take care of various heat loads to the cryostat. The first successful cool down of the cryostat has been 
completed recently, magnets have been powered and magnetic field profiling has been done inside the room temperature beam 
tube. This paper will highlight the cryostat details along with the cool down and operational test results obtained from the first
cool down.
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1. Introduction
A superconducting quadrupole doublet magnet cryostat was planned to replace the existing room temperature 
quadrupole doublet magnet in the HYRA (Hybrid Recoil Mass Analyzer) beam line to enhance the focusing power 
of the recoil nuclear fragments. The superconducting magnet increases the acceptances in the both vacuum and gas 
filled modes of operation [1]. This type of superconducting, super ferric quadrupole magnet of large apertures and 
shorter lengths have been made at NSCL, MSU and RIKEN [2,3]. 
The cryostat has been planned to be used as a standalone facility by using a two stage cryocooler as has been 
done in other similar cryostats [4]. The first stage of the cryocooler cools the radiation shield to ~60 K and the 
second stage is used to recondense evaporated helium gas back to the liquid helium vessel. Some of the innovative 
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features that have been used in the cryostat are extending the liquid helium (LHe) up to the vacuum feed through, 
extending the cool down line up to the bottom of the helium vessel, and re-liquefying cold helium in the second
stage of the 4.2 K cryocooler. HTS leads have been used to reduce heat load coming to second stage of the 
cryocooler. The cryostat was initially cooled down by externally supplied LHe and the heat load on the vessel there 
after was taken care of by the cryocooler setup. After cryogenic stabilization the magnets were powered and 
magnetic field mapping inside the room temperature beam tube was completed.  The cryostat has been in operation 
for 4 months and a report is presented here for the first successful magnet cool down, regular closed loop operation 
and other related preliminary test results with analysis.
2. Description of the cryostat
The cryostat consists of a helium vessel which houses a superconducting quadrupole doublet Fig. 1. These 
quadrupole coils are covered with ~200 mm thick soft iron yokes at the outside and the inside part is also covered 
with soft iron as well to shape the field. The quadrupole iron poles are 300 mm and 250 mm long and separated by 
250 mm along the beam direction. The total weight of the helium vessel is ~2 ton including the superconducting 
coils. The LHe dewar capacity is 330 liter with an effective surface area of 5.2 m2.  The designed peak magnetic 
field is 2.2 T at 84 A current. The room temperature bore diameter of the magnet is 200 mm.
Two 1.5 W @ 4.2 K Sumitomo SRDK-415 cryocoolers [5] have been used in the cryostat to take care of heat 
loads with sufficient spare capacity. A recondenser heat exchanger Fig. 2 is connected to one of the cryocooler 
second stages and the other second stage takes care of heat load from four HTS leads, temperature sensors and 
voltage taps across the HTS leads. The LHe vessel is suspended from the top vacuum jacket with specially designed 
flexible G-10 supports with intermediate cooling and four side supports. Both the top and the side supports have the 
flexibility to align the magnetic axis with the geometric axis of the cryostat. The liquid helium dewar assembly is 
taped with aluminum to reduce the emissivity. The helium outlet line has all the other devices installed such as 
pressure gauge, burst disc, relief valve, pumping connection, helium pressurization line etc.
The copper radiation shield surrounding the liquid helium vessel is cooled by the first stage of the cryocoolers. 
The shield is made of 3 mm thick copper. The entire shield is suspended from the two support posts from the top. To 
reduce the radiation heat load 30 layers of MLI insulation blanket have been put around the copper shield. The shield 
also intercepts heat load from the support structures, stainless steel tubes and instrumentation wires going to the LHe 
vessel.
       Fig. 1. Complete Quadrupole cryostat.       Fig. 2. : Inside view of helium recondenser.
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Both the cryocoolers and the HTS leads are connected to the cryostat from the top side on a demountable 
structure. The design takes care of differential contraction of both copper shield and helium vessel without any strain 
to the cryocooler. The cryocooler second stage has been placed almost one meter away from the inner diameter of 
the yoke to reduce the effect of magnetic field on the second stage regenerator material.
Ten temperature sensors have been used to monitor the cool down process and the HTS lead temperatures. A 
superconducting level sensor (300 mm long) has been put in the upper half of the helium vessel to ensure that the 
quadrupole coils are always dipped in liquid helium. The pressure of the cryostat is measured with an electronic 
gauge controller which controls a heater to maintain the helium vessel pressure. Apart from these sensors a series of 
voltage taps have been put across the HTS leads that keeps a tab on the voltage surge across it during the charging 
and discharging of the magnets.
3. Important features
The cryostat embodies a few salient features which need mentioning. These are: (i) closed loop liquid helium 
recondenser; (ii) liquid helium cool down line positioning below both the yokes in tangential pattern for maximum 
efficient use of cold gas enthalpy; (iii) availability of liquid helium up to the vacuum feed through.
3.1. Closed loop helium recondenser
Helium recondensation is being increasingly used in many of the present generation ECR cryostats [7] and also 
commercially available MRI magnets. Cold helium gas from the main dewar approaches the recondenser from the 
bottom central connection and the liquid after condensation flows back to the dewar wetting the wall thorough the 
same line. The temperature drop from the load to the cold head is the sum of the nucleate boiling temperature drop 
and the condensation temperature drop. A properly designed condenser can reduce the effective temperature 
difference to ~50 mK. One important feature of this design is that if the pipe carrying gas and liquid is of proper 
dimension, thepressure drop factor does not introduce additional temperature rise. This arrangement of using a cold 
heat exchanger away from the magnet (by a flexible bellow arrangement) for LHe recondensation purpose has some 
other advantages: (i) the bellow ensures excellent vibration isolation of the system from the cryocooler; (ii) the 
temperature oscillation of the cold head is completely damped so that the magnet will operate at constant 
temperature that depends on the total heat load going into the cooler.
The present condenser has a total surface area of ~0.2 m2 having 24 fins with a width of 1.3 mm and the gap 
between the fins 1.7 mm. Both the mating surfaces of condenser and cryocooler are tinned with indium and one 
indium foil has been inserted between to make a good thermal coupling of the setup. 
3.2. Cool down line  
The total helium vessel mass is ~2000 kg and the weight is distributed on both the sides of the central plane each 
side having 4 superconducting coils and iron pole pieces and covered with a soft iron yoke. For efficient and uniform 
cool down of the structure the inlet cool down line (12.7 mm outlet diameter tube) has been extended all the way 
down to the bottom of the cryostat and then bifurcated at the bottom to position the lines between the yokes and the 
helium dewar. The end of the tube is again bifurcated to let the flow take a circumferential path between yoke and 
LHe dewar inside path so that the heat transfer becomes very efficient. 
3.3. LHe cooling of LTS conductor and recondenser fluid flow path
The position of the cold head second stage is almost 600 mm away from the helium vessel top so that the 
magnetic field does not deteriorate the performance of the second stage magnetic regenerator material. Cold helium 
gas is needed to be transported to this position for condensation. LTS leads from the two magnets also needed to 
pass through the same area. So an ingenuous solution was conceived to fulfill these needs.
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The central shaft that starts from the well dip inside the liquid helium dewar, carries four LTS leads up to the 
vacuum feed through the starting being epoxied with Stycast. The annular area of the shaft is used to carry the cold 
helium gas from the dewar to the recondenser and the fluid falls back to the central tube. Once the central tube is 
filled up then the liquid overflows the tube and starts falling to the dewar through the annular shaft. This concept 
ensures that the central shaft is always filled with liquid and the superconducting wires are immersed in liquid only. 
In this way the LHe has been transported all the way up to the vacuum feed through despite the actual liquid level 
being well below in the dewar.
4. First cool down results
During the first run of the cryostat it was decided to start the cool down with liquid helium starting from room 
temperature as we wanted to avoid the contamination complicacy of using liquid nitrogen in the beginning stages. 
Fig. 3 shows the cool down graph of the system from room temperature. Initially one cryocooler was started and 
after 30 hours. The second cryocooler was started to fasten cool down. After 148 hours of cooling with only one 
cryocooler, liquid helium cool down was started at a rate of 28-30 l/h. During the cool down period, the cooling rate 
improved to 72 K per day from an earlier rate of 4.5 K/day. A total of 2400 liter of liquid helium was used for the 
entire cool down operation including 330 liter of liquid fill up of the magnet up to 90%.  Given the text efficiency of 
800 l/ton (cool down usage of liquid helium per ton of mass), the efficiency is nearly 80% in the present case. This 
efficient cooling is very evident from the cool down graph where the outlet temperature T4 of the cold gas closely 
follows the iron yoke temperatures T1 and T2 throughout the cooling curve. It is also observed that the copper shield 
temperature starts decreasing faster (0.3-1.2 K/h.) at the top T5 and bottom T7 temperature sensor positions during 
the vessel cooling with liquid helium. After LHe filling stopped the system was allowed to stabilize for 4 hour, and 
the outlet line was closed to monitor the efficiency of recondensation. Fig. 4 shows a graph between the cryostat 
pressure, level w.r.t. time and it is understood that the heat load of the system started stabilizing after 24 hour of fil-
Fig. 3. Cool down graph of quadrupole cryostat with all temperatures.
Position detail of 
temperature sensors
T1- Yoke bottom 
T2 – Yoke top
T3 – Magnet bottom
T4 – Outlet line 
T5 – Shield top
T6 – Shield middle
T7 – Shield bottom
T8 – Cryocooler 2nd
stage 
LHe filling started
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ling of the dewar. It is also seen that the level is also going up with the pressure because the density of the liquid falls 
with pressure rise. 
Fig. 5 shows the stabilized shield temperatures (T5, T6, T7) over one month of operation.  The initial rise of 
temperature of the three positions is due to earlier overcooling of the shield by the helium gas and also a lot of 
magnetic fields mapping tests were carried out during this period. The stabilized temperature of the shield shows a 
temperature difference of 24 K from top to bottom part. The main temperature drop 17 K is noticed in the neck area. 
A closer look at the construction of the copper shield at the top area reveals that there are almost 10 joints, of which 
66 are copper to copper welding joints and four of which are indium bolted joints. The total thermal resistance 
calculated across all these joints is 0.26 K/W.
The total heat load coming to the second stage of the two cryocoolers is divided into two sections. All four HTS 
leads at the second stage are connected to one cryocooler and the other heat loads coming to the liquid helium vessel 
are taken care by the other cryocooler. The recondenser is connected to the second cryocooler. It has been observed 
that LHe vessel pressure gradually decreases over time and the second stage heater has to be activated by pressure 
sensor in a PID loop. In the balanced position the heat load going to LHe vessel is 60 mW. Table (1) shows a 
detailed heat load map on the second stage of the recondenser cryocooler. It is worth mentioning that the gas 
conduction load is much higher than initially anticipated as a cold leak on the LHe vessel was detected after the cool 
down of the cryostat. This cold leak restricts the vacuum of the vessel to 1.6x10-4 Pa.
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Fig. 4. Pressure and level after outlet valve closing.         Fig. 5. Long duration shield temperature. graph
Fig. 6. Second stage electric isolator temperature during charging the magnet.
Sl no Item Heat load
1. Radiation load 250 mW
2. Gas conduction load 420 mW
3. 4 no side support 450 mW
4. Cu to Vessel support 172 mW
5. G10 top support 55 mW
6. Metal conduction load 60 mW
7. Heater and Instrumentation 30 mW
Total 1437 mW
Table-1 : Various heat loads coming to the LHe vessel.
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After thermal stabilization of the cryostat both the magnets have been powered individually and together. During 
the charging of the coils there is some temperature rise of the second stage of the cryocooler Fig. 6. The rise in
temperature at higher currents indicates that the joule heating losses occur in the electric isolator region. This issue 
of better cooling is looked at in more detail. After the initial magnetic field mapping was done the magnetic axis and 
its offset with respect to the central tube geometric axis were identified. The offset was corrected online with the 
help of two top loading arms and four side supports.
5. Summary
A superconducting quadrupole doublet magnet cryostat with closed loop helium recondenser has been 
successfully built. The cryostat has been thoroughly tested for its thermal performance and also both the magnets 
have been charged up to the designed current. 
A host of difficult technologies have been ingeniously developed and demonstrated in the cryostat. The thermal 
performance of the copper shield shows a high temperature drop across the thermal joints in the neck region and this 
can be attributed to welding of the copper at the joints where the high thermal resistance has developed. 
A cold leak in the LHe vessel has resulted in a poorer vacuum and also contributed substantially to the heat leak 
at the 4.2 K stage. 
Both the magnets were energized and the magnetic axis offset with the geometric axis offset was corrected with 
the cryostat in cold condition. 
In overall the closed loop liquid helium cryostat concept conceived with MRI and ECR has successfully been 
extended to an analyzer quadrupole cryostat.
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